Introduction {#sec1}
============

Hydrogel biomaterials offer unique opportunities in diverse biomedical applications, specifically due to their biocompatibility, soft human tissue-like mechanical properties, and well-developed means for controlled delivery of therapeutic cargo to the surrounding environment.^[@ref1]−[@ref3]^ However, while academic developments are impressive and widely adopted, progression from laboratory to clinic has been slow.^[@ref4]^ In large part, this is due to the limited choice of suitable hydrogel matrices that combine the sought-after material characteristics and drug delivery properties with due biocompatibility.^[@ref5],[@ref6]^ Indeed, virtually any water-soluble macromolecule can be used to make up a hydrogel,^[@ref1],[@ref6],[@ref7]^ yet only a small number of hydrogels have regulatory approval for use in human patients. One potentially fruitful approach toward broadening the scope and utility of hydrogels in clinical applications could be based on engineering and fine-tuning of the materials already approved for the use in humans into novel applications.

One hydrogel biomaterial with a long and successful history of use in humans is based on poly(vinyl alcohol) (PVA).^[@ref8]−[@ref12]^ A specific example of successful use of these hydrogels is for production of embolic bodies^[@ref13]^ and implants for prevention of postoperative tissue collapse.^[@ref9]^ Historically, these matrices were designed to be nonbiodegradable, permanent implants. Another area of use of PVA hydrogels---specifically physical hydrogels---is immobilization of enzymes and cells for biomass conversion.^[@ref10]−[@ref12]^ These hydrogels are typically prepared via "cryo-gelation" employing repetitive freeze--thaw cycles to make up highly porous matrices, a feature highly beneficial for diffusion and fast exchange of solutes between the hydrogel and solution bulk. Cryogel matrices too are designed as highly stable materials poised to retain their stability over extended periods of time, and are typically comprised of high molar mass chains of PVA (100 kDa and above). These examples highlight the utility of PVA in biomedicine but reveal that, in their well-established form, these hydrogels lack means for biodegradation and are rather ill-suited for controlled retention and slow release of drugs.

Over the past few years, we devoted significant attention to re-engineering of PVA physical hydrogels to make these materials suited in a variety of biomedical applications.^[@ref14]−[@ref16]^ Specifically, physical hydrogels based on PVA were successfully engineered to undergo spontaneous erosion under physiological conditions.^[@ref15],[@ref17]^ Biodegradation or erosion is pivotal for applications such as controlled drug release mediated by implantable biomaterials. It is also important for tissue engineering applications whereby de novo assembled tissue should be able to fully replace the biomaterial.^[@ref18]^ The cornerstone to our design of degradable PVA hydrogels was the synthesis of polymer samples with defined molar mass and narrow dispersity, that is, high uniformity of chains by length. Toward this end, PVA was prepared from its polymer precursor, poly(vinyl acetate), obtained via the controlled radical polymerization technique (RAFT).^[@ref19]^ The latter allows controlling polymer molar mass through the ratio of concentrations of the monomer and the chain transfer reagent and can be varied in a broad range. In the studied range of PVA molar mass (up to 35 kDa), physical hydrogels prepared thereof underwent spontaneous erosion under physiological conditions and hydrogels comprised of shorter polymer chains underwent significantly faster erosion.^[@ref15]^

From a different perspective, synthesis of PVA through RAFT polymerization also afforded polymer chains with terminal groups amenable for bioconjugation.^[@ref14]^ Indeed, RAFT polymerization as such proceeds as "insertion" of monomer units between the so-called "R" and "Z" functionalities of the RAFT agent with an end result that most of the synthesized chains are equipped with the chosen R and Z groups.^[@ref20]^ In our work, the R group contained a phthalimide-protected amine. Upon removal of the phthalimide, end-localized amine groups were converted into protected thiol functionality, such that upon a reaction with dithiothreitol (DTT) the chains release 2-nitro-5-thiobenzoate, a chromophore with a high extinction coefficient, for solution based facile quantification of chains ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref15]^ A terminal disulfide group is also highly attractive for bioconversions and conjugations through thiol--disulfide exchange chemistry most attractive due to fast kinetics, high specificity of reactions, and possibility to conduct conjugation under physiological conditions (phosphate buffered saline, pH 7.4). Proof of concept conjugation was demonstrated toward diverse cargo, from oligopeptides^[@ref14]^ to globular proteins and growth factors^[@ref17]^ as well as cholesterol^[@ref21]^ for "branding" liposomes within PVA hydrogels.^[@ref16]^

We also invested much effort into designing physical hydrogels through a noncryogenic manufacturing route, specifically to avoid macro-porosity and maximize retention of polymer chains in the hydrogel matrix.^[@ref22],[@ref23]^ In the majority of our previous studies, hydrogels were obtained through "salting out", gradual drawing of water from the hydrogel using concentrated solutions of a kosmotropic salt (sodium sulfate). Water extraction and ensuing hydrogelation of PVA chains could also be achieved using liquid, oligomeric samples of PEG.^[@ref17]^ The latter approach is potentially more friendly toward immobilized biological cargo such as proteins. However, detailed investigation of this method of PVA hydrogelation is missing. One goal of the present study was therefore to quantitatively characterize the PEG-assisted hydrogelation of PVA with regards to the hydrogel composition, that is, retention of chains within the hydrogel phase during assembly and incubation under physiological conditions.

![Chemical formula of PVA (top) and schematic illustration of chemical reactions of PVA via terminal groups activated toward thiol--disulfide exchange. Cleavage of the terminal disulfide (be it in solution or within the gel phase) liberates a chromophore---allowing to quantify the polymer chains via a solution-based UV--vis readout; reaction with thiol-modified growth factors creates hydrogel matrices for localized stimulation of proliferation of adhering cells; conjugation to cholesterol is used toward anchoring PVA chains into liposomes and "branding" the latter within the structure of PVA hydrogels---for delivery of hydrophobic drugs.](jp-2016-013816_0002){#fig1}

Another aim of this study considers the fate of polymer chains released from the hydrogel and the possible effects these may elicit on the adhering cells or adjacent tissues. On a systemic level, PVA chains with a molar mass as high as \>100 000 were shown to be eliminated from the body via a renal pathway.^[@ref24]^ This observation is encouraging and means that upon implantation, spontaneously eroding matrices release polymer chains amenable for excretion. In this work, we take a closer look and analyze the fate of PVA chains with regard to the uptake by the cells adhering to the hydrogel matrix and most importantly, with regard to ensuing inflammatory response, depending on the molar mass of chains constituting the hydrogel.

Further aspects which we investigate in this work pertain to the interplay between controlled matrix dissolution, opportunities in bioconjugation, and therapeutic effects elicited by the hydrogels. Indeed, polymer molar mass may have a dual influence on the biomaterials' properties in that chain length defines both the stability of the hydrogel to dissolution and the content of available sites for conjugation (through polymer terminal groups). Both parameters are important to control the use of biomaterials in biomedicine and are analyzed below in detail. With regard to bioconjugation and drug delivery, we specifically investigate the suitability of PVA chains with varied molar mass as extensions toward "branding" of incorporated liposomes in the structure of the hydrogel for delivery of hydrophobic drugs^[@ref16]^ and functionalization of hydrogels with growth factors for accelerated proliferation of adhering endothelial cells.^[@ref17]^ Taken together, this work presents a multiangle analysis of PVA physical hydrogels as functional biomaterials with properties defined by the rational choice of chain lengths of the constituting polymer chains.

Materials and Methods {#sec2}
=====================

All chemicals were purchased from Sigma-Aldrich and used without any further purification unless stated otherwise. Poly(dimethyl silicone), PDMS elastomer (Sylgard 184), and curing agent were obtained from Dow Corning, USA. The secondary antibody, Alexa Fluor 488 F(ab′)2 fragment of goat antimouse IgG, HUVECs, M200 medium, LSGS, fetal bovine serum (FBS \< 5 EU/mL), and PrestoBlue cell viability kit were obtained from Invitrogen. Fluorescent lipids 1-oleoyl-2-\[6-\[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino\]hexanoyl\]-*sn*-glycero-3-phosphocholine (NBD-PC) were purchased from Avanti Polar Lipids, USA. All buffer solutions were prepared using ultrapure water (Milli-Q gradient A 10 system, 18.2 MΩ/cm resistivity).

General Considerations {#sec3}
======================

PVA Synthesis {#sec3.1}
-------------

The synthesis of PVA via RAFT polymerization to produce amine terminal groups was performed as described elsewhere.^[@ref15],[@ref19]^ In short, vinyl acetate was polymerized using a phthalimide-containing RAFT agent. The resulting polymer was first treated with aqueous hydrazine to remove the terminal phthalimide functionality and further saponified (i.e., treated to remove the acetate groups) to produce PVA chains with terminal amine groups. Further end group modification was carried out by dissolving amine terminated PVA in carbonate buffer (pH 8.3). To this was added first a solution of Ellman's reagent and then a freshly prepared solution of 2-iminothiolane. The mixture gradually became deep orange (illustrating progression of reaction) and was allowed to stir for 16 h. The target polymer, PVA-ER, was recovered via precipitation into excess methanol and filtration followed by trituration with copious amounts of methanol.^[@ref15]^ In order to prevent degradation of the disulfide linkage, the dissolution of PVA-ER was carried out by gentle and short heating in MQ water. For fluorescent labeling of the amine terminal groups, PVA was dissolved in NaHCO~3~ buffer (pH 8.3) and mixed with FITC dissolved in dimethyl sulfoxide (DMSO). The reaction was incubated overnight after which the polymer was purified by gel filtration on a PD-10 Sephadex G-25 M column and freeze-dried.^[@ref22]^

Master and PDMS Stamp Preparation {#sec3.2}
---------------------------------

Micropatterns were created by standard photolithography and following the manufacturer's manual of the photoresist (SU-8 3025, MicroChem, USA).^[@ref22]^ To produce elastomeric molds, PDMS elastomer and curing agent were mixed in a 10:1 volume ratio, respectively, degassed, poured over the photoresist structured micropatterns, and cured for 3 h at 80 °C.

Microtransfer Molding (μTM) {#sec3.3}
---------------------------

Surface adhered hydrogels were prepared via μTM. In a typical procedure, 1.5 μL of PVA solution was placed on the PDMS stamp, covered with a 9 mm cover glass slide, and placed in a clamping system fastened at finger tight pressure for 24 h. Upon disassembly, the surface adhered PVA films were stabilized in PEG~400~ (MW 400 Da) for 1 h at 37 °C. Once stabilized, samples were washed three times in 4 °C PBS to remove any residual PEG~400~.

Visualization {#sec3.4}
-------------

Visualization of the samples was performed using CLSM (CLSM, Axiovert microscope coupled to an LSM 700 confocal laser scanning module, Zeiss, Germany) as well as an inverted microscope (Axio Observer Z1, Zeiss, Germany).

Cell Work {#sec3.5}
---------

Primary human umbilical vein endothelial cells, pooled (Gibco) and RAW 264.7 mouse leukemic monocyte macrophage (European Collection of Cell Cultures), and C2C12 mouse myoblast (American Type Culture Collection) cell lines were used. HUVECs were cultured in M200 medium supplemented with 1% penicillin/streptomycin (P/S) and low serum growth supplement according to vendor recommendations. Macrophages were cultured in Dulbecco's modified Eagle's Medium (DMEM) supplemented with 10% FBS and 1% P/S and passaged with a cell scraper. Myoblast cells were cultured in DMEM supplemented with 10% FBS, 1% P/S, and 1 mM sodium pyruvate. All cells were cultured in 75 cm^2^ culture flasks at 37 °C and 5% CO~2~. Trypsinization was used to passage HUVEC and C2C12 cells. All samples were UV-sterilized for 15 min prior to cell seeding.

Cell Viability {#sec3.6}
--------------

Cell viability was determined by removing the medium and adding 200 μL of fresh medium supplemented with 20 μL of PrestoBlue and incubated at 37 °C and 5% CO~2~ for 30 min (60 min for HUVEC). The samples were transferred to a black 96-well plate for fluorescence reading using a plate reader (Enspire PerkinElmer) (ex/em λ = 560/590 nm).

Hydrogel Degradation {#sec4}
====================

To quantitatively analyze the polymer content, hydrogels prepared using PVA-ER (4, 8, 12, or 16 wt % with molecular weights ranging from 6, 17, and 31 kDa) were stabilized as described above and subsequently incubated in PBS at 4 or 37 °C for 1 h, 24 h, 3 days, or 7 days. After any time point, the PBS was collected and hydrogels were replenished with fresh PBS. To quantify the amount of released polymer from the hydrogel and the amount left in the matrix, DTT was added to a final concentration of 5 g/L. The release of the NTB chromophore is directly proportional to the polymer chains present in the solution and hydrogel matrix. The absorbance (λ = 412 nm) of aspirated supernatants was measured using a plate reader after 10 min of incubation at 37 °C. For comparison, the total amount of polymer loaded was individually analyzed in nonstabilized hydrogels.

Macrophages and Inflammatory Response {#sec5}
=====================================

Hydrogel samples were prepared as described above using PVA samples of 6, 17, and 31 kDa and 12 wt % solutions. To promote cell adhesion, PLL was added to the polymer solution yielding a final concentration of 1 g/L. For flow cytometry, PVA-FITC was used for the hydrogel assembly. For visualization of cell adhesion, RAW 264.7 cells were seeded onto the substrates (60 000 cells/well in 2 mL of medium in 12 well plates) and allowed to adhere at 37 °C and 5% CO~2~ for 24 h. The cells were washed twice with 2 mL of PBS and fixed using 4% PFA solution for 20 min and subsequently washed two times in PBS. The nuclei were stained with DAPI (1 μg/mL) for 1 h, subsequently washed with PBS twice, and stored in PBS at 4 °C until mounted on a glass cover slide using mounting media (Eukitt, Sigma) for visualization.

Polymer Uptake {#sec5.1}
--------------

To quantify polymer uptake, RAW 264.7 cells were seeded directly onto the substrates (30 000 cells/well in 200 μL of media in 48 well plates). The cells were allowed to adhere at 37 °C and 5% CO~2~ for 24 h. For flow cytometry analysis, the samples were rinsed twice with 500 μL of PBS and harvested using 100 μL of trypsin. The samples were further washed twice with 200 μL of cold PBS and collected for analysis. The cells were analyzed using a C6 Flow Cytometer (Accuri Cytometers, Inc.) using an excitation wavelength of λ = 488 nm. At least 1000 cells were analyzed. The autofluorescence of cells grown on glass slides has been subtracted in all the presented results.

Reagents for Quantification of Nitric Oxide via the Griess Assay {#sec5.1.1}
----------------------------------------------------------------

Reagent A was prepared by dissolving 100 mg of *N*-(1-napthyl)ethylenediamine dihydrochloride in 100 mL of MQ water, yielding a final concentration of 1 g/L. Reagent B was prepared by dissolution of 1 g of sulfanilic acid in 94.2 mL of MQ water supplemented with 5.77 mL of phosphoric acid (86.6%), giving a final concentration of 10 g/L. For the Griess nitrite standard (0.1 M), 6.9 mg of sodium nitrite was dissolved in 1 mL of MQ water. All reagents were stored at 4 °C and protected from light.

Analyses of the Inflammatory Response {#sec5.2}
-------------------------------------

RAW 264.7 cells in DMEM media (10% FBS, 1% P/S) were seeded onto the hydrogel substrates (30 000 cells/well in 200 μL of medium) and placed in the incubator at 37 °C and 5% CO~2~ for 24 h. For the controls, cells were seeded on untreated coverslips. After 24 h, media was removed and replenished with 180 μL of DMEM (phenol-red free, 10%, 1% P/S, 1% [l]{.smallcaps}-glutamine, 20 μL of PBS) containing the reagents of interest. NO production was stimulated at this point through the addition of 1 μg/mL LPS (*Escherichia coli* 026:B6). Samples with unstimulated cells (20 μL of PBS) were included as a reference. The cells were incubated for an additional 24 h, and 50 μL of media was transferred to a new multiplate for NO quantification via Griess assay (50 μL sample + 50 μL reagent B, 5 min wait, 50 μL reagent A, 5 min wait, readout of absorbance at 548 nm) using a plate reader (Enspire PerkinElmer). NO levels were quantified from a standard curve of a serially diluted sodium nitrite standard prepared on the same plate. Cell viability was performed after removal of medium for the Griess assay.

Lipogels {#sec6}
========

Liposome Assembly {#sec6.1}
-----------------

Unilamellar liposome solutions were prepared by evaporation of chloroform solution of 5 mg of DOPC lipids and 0.8 mg of thiocholesterol, followed by further drying under a vacuum for 1 h and subsequent hydration using 50 μL of carbonate buffer containing PVA-ER (40 g/L) and 200 μL MQ water. The solution was extruded through 100 nm filters. For all PVA molecular weights employed, the liposome-polymer and polymers making up the matrix were identical. For fluorescently labeled liposomes, 1 wt % of NBD-PC was added to the lipid mixture. For encapsulation of paclitaxel, 200 μL of 4 g/L paclitaxel dissolved in chloroform was added to the lipid and thiocholesterol mixture. The extruded liposome solution was dialyzed against HEPES buffer (pH, 7.4, 10 mM HEPES, 150 mM NaCl) for 1 h, exchanging the buffer after 30 min. DLS (Malvern Instruments Zetasizer nano S90) was employed to analyze the liposomes with hydrodynamic diameters and polydispersity indices.

μTM {#sec6.2}
---

Surface adhered lipogels were prepared by heating PVA (24 wt %, 6, 17, and 31 kDa) to 90 °C for 5 min to homogenize the solution. Once brought to room temperature, PVA and liposome solution were mixed in a 1:1 volume ratio, resulting in a 12 wt % polymer solution. For cell experiments, PLL was blended in to give a final concentration of 1 g/L. PDMS molds with 2 μm deep and 10 μm wide wells with centers spaced by 20 μm were utilized. Upon disassembly, the surface adhered PVA films were stabilized in PEG~400~ (MW 400 Da) for 1 h at 37 °C. Once stabilized, samples were washed three times in 4 °C PBS to remove any residual PEG~400~.

Cell Viability {#sec6.3}
--------------

The amount of encapsulated paclitaxel in the liposomes was quantified by mixing 200 μL of paclitaxel encapsulated liposomes with 200 μL of chloroform. The aqueous and organic phases were allowed to settle before extraction of the organic phase and measurement of the UV absorbance (λ = 246 nm, NanoDrop 2000 Thermo Scientific). The concentration of the encapsulated paclitaxel was calculated using a calibration curve. Liposome solution was blended with PVA, giving a final concentration of 65 nM paclitaxel. Myoblast cells were seeded in 200 μL of medium in 48 well plates with a cell density of 12 000 cells/well and incubated at 37 °C and 5% CO~2~ for 48 h.

Growth Factor Immobilization {#sec7}
============================

Surface adhered PVA hydrogels were prepared using PVA solutions (12 wt %, 6, 17, and 31 kDa) with either aminated or Ellman's modified terminal groups via μTM as described above using PDMS molds with 2 μm deep and 10 μm wide wells with centers spaced by 20 μm. For improved cell adhesion, PVA hydrogels were surface coated with 2 g/L dopamine hydrochloride dissolved in Tris buffer (10 mM, pH 8.5) for 1 h at 4 °C and washed with PBS before conjugation of growth factors. For growth factor immobilization, a solution of LSGS (Invitrogen) was mixed at a 1:1 volume ratio with 9 × 10^--5^ M 2-iminothiolane (dissolved in PBS containing 1 mM EDTA; pH 8) and stirred for 1 h at 25 °C, and subsequently purified via size exclusion chromatography using a NAP column. For conjugation, 150 μL of purified thiolated growth factor solution was added to PVA-ER and PVA-NH~2~ hydrogels, the latter for control. The samples were incubated for 3 h and then washed three times in PBS to remove any unconjugated LSGS components. Cells were cultured on PDA coated PVA-NH~2~ or PVA-ER hydrogels preincubated with thiolated LSGS in LSGS free medium supplemented with 2% FBS. For negative and positive controls, cells were cultured on PDA coated PVA-NH~2~ hydrogels in LSGS free medium with 2% FBS or LSGS supplemented medium, respectively. To quantify cell viability, cells were seeded directly on top of the substrates (8400 cells per well in 200 μL of medium in 48 well plates) and incubated for 72 h at 37 °C and 5% CO~2~. Viability was assessed using Presto Blue (Invitrogen) following the manufacturer's protocols. For a direct cell count, cells were seeded directly on top of the substrates (8400 cells per well in 200 μL of medium in 48 well plates) and incubated for 72 h at 37 °C and 5% CO~2~. For cell counting, the cells were washed two times in HBSS, fixed using 4% PFA solution for 10 min, and then rinsed three times with PBS. The nuclei were stained with DAPI (1 μg/mL) for 20 min and subsequently rinsed three times with PBS. Cell counts of cells adhering to the hydrogel were obtained by visualization using a Zeiss Axio Observer Z1 microscope.

Cell Staining for Visualization {#sec7.1}
-------------------------------

For visualization of hydrogels and adhered cells, PVA-ER was supplemented with PVA-FITC, yielding a final concentration of 1 g/L. Cells were seeded directly on top of the substrates (80 000 cells per well in 1 mL of medium in 12 well plates) and incubated for 48 h at 37 °C and 5% CO~2~. The cells were washed two times in HBSS, fixed using 4% PFA solution for 10 min, and then rinsed three times with PBS. The cells were permeabilized for 15 min using 0.1% T-PBS, followed by blocking using 2% BSA in T-PBS for 30 min and rinsing three times with T-PBS. The nuclei and actin filaments were stained with DAPI (1 μg/mL) and phalliodin (0.1 μg/mL), respectively, for 20 min and subsequently rinsed two times with T-PBS and one time with PBS. The samples were mounted on a glass slide using mounting media (Vectashield) and visualized.

Data Analysis {#sec8}
=============

For all data points, at least three independent experiments with a minimum of three replicates for each sample were performed and reported as mean ± standard deviation. Data was analyzed in Microsoft Excel and plotted in OriginPro (Origin Lab, v. 8.5). Statistical significance was determined through Student's *t* test or Tukey's test in conjunction with ANOVA and reported as significant if *P* \< 0.05 (\*), *P* \< 0.01 (\*\*), and *P* \< 0.001 (\*\*\*). ImageJ was used for image analysis.

Results and Discussion {#sec9}
======================

Materials' characterization and analyses were carried out using surface-adhered microstructured hydrogels.^[@ref16],[@ref22],[@ref23]^ We have established this methodology as a convenient platform to assemble hydrogels with chosen microscale topography as well as to quantify polymer gelation as well as incorporation and release of diverse cargo. The surface-adhered format allows using a broad range of characterization methods including microscopy observation. Finally, the prepared specimen can be directly used as substrates for adhesion and proliferation of mammalian cells toward characterization of hydrogels as biomaterials.^[@ref17]^ Microstructured hydrogels were prepared using elastomeric poly(dimethylsiloxane) stamps obtained from silicon wafers with a nominated surface topography (in this work, 10 μm wide circles with a 20 μm intercenter spacing). Solutions of PVA (varied polymer molar mass and solids content) were placed between the stamp and a glass coverslip to fill the stamp cavities and clamped at finger-tight pressure for 24 h. During this time, PVA undergoes partial dehydration, and upon removal of clamps, PVA microstructures remain on the glass coverslip. To make hydrogels, these dehydrated PVA were immersed and incubated in liquid, oligomeric PEG and then washed with PBS and visualized using confocal laser scanning microscopy, [Figure [2](#fig1a){ref-type="fig"}](#fig1a){ref-type="fig"}A. Fluorescently labeled PVA was used to obtain three-dimensional images of hydrogels prepared using polymer samples with a molar mass of 6, 17, and 31 kDa. In each case, well-defined, robust hydrogel structures were produced, illustrating that PEG treatment can be used to make physical hydrogels of PVA with a polymer molar mass as low as 6 kDa.

![(A) 3D CLSM images (insets: 2D images) and pixel intensity profiles of physical hydrogels prepared using 12 wt % solutions of fluorescently labeled polymer samples of 6, 27, and 31 kDa. All samples were stabilized in PEG~400~ for 1 h at 37 °C and stored in PBS at 4 °C until visualization. Scale bars: 20 μm. (B) Absolute and (C) relative polymer content in hydrogels prepared from 12 wt % PVA-ER using 6, 17, and 31 kDa. All samples were stabilized for 1 h in PEG~400~ at 37 °C and incubated in PBS for 1 h at 4 °C. The values correspond to the absorbance measured after the direct addition of DTT to the hydrogels (*n* = 3; \*\*\**p* \< 0.001).](jp-2016-013816_0003){#fig1a}

For quantitative analysis of polymer content in the hydrogel structure, we used the terminal group quantification method. PVA chains containing terminal mixed disulfide linkages with 2-nitro-5-thiobenzoate readily undergo thiol--disulfide exchange with DTT and release a chromophore which is then quantified using solution based UV--vis spectroscopy.^[@ref25]^ For hydrogels assembled using PVA with an average molar mass of 6, 17, and 31 kDa, PEG treatment, and a single equilibration step in ice-cold PBS, polymer content was progressively higher for the polymers with increased chain length, [Figure [2](#fig1a){ref-type="fig"}](#fig1a){ref-type="fig"}B,C. Absolute polymer content for hydrogels comprised of 31 kDa PVA was nearly 10-fold higher than that for 6 kDa PVA hydrogels ([Figure [2](#fig1a){ref-type="fig"}](#fig1a){ref-type="fig"}B). Furthermore, the relative polymer content was also increased with the PVA molar mass. In other words, a greater fraction of PVA was retained within the hydrogel for polymer samples with increased chain length. These results are quite similar to the observations made for the hydrogels prepared via the "salting out" technique.^[@ref25]^

![(A) Absolute polymer content in hydrogels prepared from 6 kDa PVA-ER (8, 12, or 16 wt %) after 1 h in PEG~400~ at 37 °C and incubation in PBS for 1 h at 37 °C. The values correspond to the absorbance measured after the direct addition of DTT to the hydrogels (*n* = 3; \**p* \< 0.05). (B) DIC images of corresponding hydrogels in the dry state and after 1 h of PBS incubation. Scale bars: 10 μm.](jp-2016-013816_0004){#fig2}

At a constant polymer average molar mass, the solids content in the hydrogel phase can be fine-tuned through the choice of the polymer concentration in the feed solution, [Figure [3](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A. Indeed, with increasing PVA concentration from 8 to 12 and further to 16 wt % (6 kDa PVA), the polymer content in the hydrogel phase exhibited a corresponding linear increase. While this observation is rather expected, it illustrates a facile means to tune the PVA content in the gel phase and thus set the properties of the hydrogel such as the concentration of terminal groups for bioconjugation. Quantitative measurements are well supported by the microscopy observations, [Figure [3](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B. Higher polymer feed affords more robust hydrogels with a better developed contrast in the digital interference contrast mode (DIC) of bright field microscopy observation.

Spontaneous degradation of PVA physical hydrogels was considered to characterize the lifetime of these biomaterials under physiological conditions. For comparison, dissolution of these matrices was also studied in ice-cold PBS---conditions poised to largely suppress the degradation of interpolymer hydrogen bonds and thus maintain the stability of the hydrogels. The latter conditions would be favorable for, e.g., bioconjugation purposes such that chemical modification of the hydrogel does not compromise its integrity. Polymer content within hydrogels was quantified over a period of 7 days and presented as a function of the polymer molar mass and incubation temperature, [Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Quantitative measurements were accompanied by visual observation of the hydrogels using DIC microscopy, [Figure [5](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

Relative polymer content within the hydrogel exhibited a large drop within the first 24 h of incubation in PBS at 37 °C to a level under 50% by weight, [Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A--C. Rather surprisingly, this observation was true for each polymer molar mass and dissolution profiles expressed in relative polymer content were in fact near identical for samples of 6, 17, and 31 kDa ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, panels A, B, and C, respectively). However, absolute polymer content expressed in units of mass was drastically lower for the 6 kDa sample than for 17 kDa and for the latter, considerably lower than for the 31 kDa counterpart (cf. *Y* axis scale for panels D--F). Visual observations suggest that, for the 6 kDa sample, the hydrogel dissolution was near complete within the first 24 h of incubation at physiological temperature ([Figure [5](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). For the 17 kDa sample and more so for the 31 kDa polymer, hydrogels are well-defined and robust by appearance throughout the 7 day incubation time period. Along with expectations, incubation of hydrogels at 4 °C significantly suppressed the matrix dissolution---paving the way to facile chemical modification of the hydrogels at low temperatures. Even for the lowest molar mass polymer sample, at 4 °C, as much as 75% of the polymer chains were still found within the hydrogel phase after a week-long incubation. This result is also well supported by the visual observation of hydrogels in which case the 6 kDa polymer hydrogels are still visible after 3 days of incubation in a hydrated state in PBS. Taken together, the results presented in [Figure [2](#fig1a){ref-type="fig"}](#fig1a){ref-type="fig"}--[5](#fig4){ref-type="fig"} illustrate a fine level of control over incorporation of PVA into the hydrogel matrix and kinetics of erosion in physiological buffer---specifically as a function of polymer molar mass.

For applications as resorbable tissue sealants or other implantable biomaterials, PVA physical hydrogels need to be characterized in terms of the fate of polymer chains being released from the hydrogel matrix. On a systemic level, chains of molar mass in the 100--200 kDa mass range were shown to be translocated from the abdomen into the blood and then removed from the body by renal secretion without noticeable nephrotoxicity.^[@ref24]^ Herein, we aimed to investigate a localized fate of polymer chains, specifically their possible uptake by the cells making up tissues in the immediate vicinity of the biomaterial. More specifically, we aimed to investigate the interaction of gradually resorbing PVA matrices with macrophages, a human cell type orchestrating the foreign body response to implants.^[@ref26]^ To this end, PVA hydrogels were assembled using fluorescently labeled polymer samples. Macrophages (RAW 264.7) were cultured on the hydrogels, and upon cell detachment, fluorescence of cells was monitored using flow cytometry, [Figure [6](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A. For each PVA average molar mass (6, 17, and 31 kDa), the histogram corresponding to fluorescence of cells exhibited a full population shift to higher levels of fluorescence, indicating a pronounced level of polymer interaction with cells. Confocal laser scanning microscopy images ([Figure [6](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B) illustrate the presence of polymer-associated fluorescence inside the cells, thus revealing that much of the acquired fluorescent signal is due to polymer uptake, not surface absorption. Quantitatively, nearly 100% of cells tested positive for the polymer-associated fluorescence, and this observation was true for each PVA average molar mass ([Figure [6](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). Interestingly, the absolute level of cell fluorescence was highest for the 17 kDa sample than 6 or 31 kDa counterparts ([Figure [6](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). A plausible explanation could be that, for 6 kDa samples, the total polymer content in the hydrogel phase is significantly lower than that for the 17 kDa counterpart. In turn, the 31 kDa sample is characterized with an increased total polymer content yet in this case, degradation of the hydrogel is also significantly slower than for the 17 kDa.

![Quantitative analysis of polymer content within the PVA hydrogels prepared using 12 wt % solutions of polymer samples of 6, 17, and 31 kDa and PEG-induced hydrogelation. Hydrogels were incubated in PBS at 4 or 37 °C for 7 days with periodic quantification of polymer chains within the hydrogel through the terminal group quantification method (*n* = 3; \*/\#*p* \< 0.05, \*\*/\#\#*p* \< 0.01, and \*\*\*/\#\#\#*p* \< 0.001).](jp-2016-013816_0005){#fig3}

![Microscopy images of the hydrogel samples prepared using PDMS molds with 10 μm wide circles and 20 μm intercenter spacing, 12 wt % solutions of polymer samples of 6, 17, and 31 kDa, and PEG-induced hydrogelation. Hydrogels were incubated in PBS at 4 or 37 °C for 7 days. Images correspond to the quantitative data presented in [Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.](jp-2016-013816_0006){#fig4}

![(A) Typical flow cytometry histogram for RAW 264.7 cells cultured on PVA-FITC hydrogels. (1 - black; control) PVA-NH2; (2 - green) 17 kDa; (3 - red): 31 kDa; (4 - blue): 6 kDa. (B) CLSM image illustrating polymer uptake of RAW 264.7 cells cultured on 17 kDa PVA-FITC physical hydrogels. Scale bars: 10 μm (blue: DAPI). (C) Percentage fluorescent cells and (D) normalized mean fluorescence of cells (D) adhering for 24 h to PVA-FITC hydrogels with different molecular weights and using PLL for rendering the hydrogels cell adhesive (*n* = 3; \**p* \< 0.05 and \*\**p* \< 0.01).](jp-2016-013816_0007){#fig5}

Inflammatory processes mediated by macrophages are highly important in the context of foreign body response.^[@ref26]^ Materials degradation and the accompanying uptake of polymer chains released from the hydrogel may possibly affect the adhering cells through intracellular effects of polymer chains. To investigate this for the physical hydrogels based on PVA, the inflammatory response of macrophages was quantified through measuring secreted nitric oxide (inflammatory marker) via the Griess assay. Cultured on PVA hydrogel matrices of 6, 17, or 31 kDa, macrophages revealed a decrease in their metabolic activity to ∼80% possibly implying an effect elicited by the substrate on proliferation or metabolism of cells^[@ref27]^---in this case the effect being minor. However, there was no measurable associated inflammatory response and levels of released nitric oxide were below the detection limit. Upon addition of lipopolysaccharide (LPS), a potent bacterial pro-inflammatory stimulant, macrophages showed a pronounced inflammatory response which measured 60--80% of control (cells cultured on glass coverslips and stimulated with LPS). The levels of nitric oxide coincide well with the levels of metabolic activity, and this implies that materials elicit no pro- or anti-inflammatory response added to activity of LPS. Finally, addition of a commercial inhibitor of inducible nitric oxide synthase (L-NAME) resulted in expected inhibition in synthesis of nitric oxide---illustating that intracellular biochemisty of regulation of synthesis of this marker of inflammation is not altered by the hydrogels or the products of its degradation (PVA chains). Together, the data in [Figure [7](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} illustrate that PVA hydrogels are fully benign in the context of their interaction with macrophages.

![Cell viability and nitric oxide produced by RAW 264.7 cells cultured on PVA hydrogels prepared using 6, 17, and 31 kDa as well as glass coverslips (*n* = 3; \**p* \< 0.05). For nitric oxide, statistical significance is given compared to LPS stimulated cells cultured on glass.](jp-2016-013816_0008){#fig6}

Hydrogel biomaterials are uniqe tissue-like matrices, yet their highly hydrated state makes controlled drug retention and release rather challenging.^[@ref28]^ One approach to circumnavigate this makes use of composite hydrogels whereby the polymer network is embedded with dedicated reservoirs of drug molecules. Such reservoirs can be nanodispersions, microparticles, polymersomes, etc.^[@ref28],[@ref29]^ In our previous work,^[@ref16]^ as drug reservoirs we used liposomes---the latter being a powerful tool of nanotechnology, specifically in drug delivery.^[@ref30]^ The key to our method of production of lipogels (liposomes incorporated in hydrogels) was the technique of "branding" whereby cholesterol-modified PVA is anchored into the lipid bilayer of the liposome and polymer extensions are incorporated into the structure of the hydrogel. Herein, we investigate lipogels prepared using PVA samples of 6, 17, and 31 kDa whereby liposome branding is accomplished using polymers of matched molar mass. Visualization of lipogels via CLSM and DIC illustrates that, in each case, robust hydrogels were formed and liposomes were distributed in the hydrogel, [Figure [8](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A. This result is important in that it suggests that lipogels with vastly different rates of matrix dissolution can be successfully assembled to suit diverse applications. In an effort to quantify therapeutic effects mediated by lipogels, liposomes were loaded with a hydrophobic drug, paclitaxel, and used to deliver their toxic payload to adhering myoblasts. The relevance of these experiments to biomedicine lies in that PVA matrices are investigated toward production of vascular grafts^[@ref31],[@ref32]^ and controlled delivery of cytotoxic drugs is the mainstream of design of cadivascular implants.^[@ref33],[@ref34]^ Lipogels mediated efficient killing of cells cultured on these matrices, and in each case, over 48 h of incubation cell viability was decreased to 60%. Antiproliferative activity of lipogels revealed no trend with regard to the molar mass of the polymer making up the hydrogel matrix, suggesting that, in this particular case, the rate of hydrogel dissolution is not decisive in the effects mediated on the adhering cells.

![(A) Fluorescence and DIC images of 12 wt % PVA lipogels using 6, 17, and 31 kDa PVA. All samples were stabilized in PEG~400~ for 1 h at 37 °C and stored in PBS at 5 °C until visualization. Scale bars: 20 μm. (B) Myoblast cell viability after 48 h of culturing on 12 wt % 6, 17, and 31 kDa PVA hydrogels containing either empty lipogels or paclitaxel loaded liposomes and normalized to pristine PVA hydrogel controls (*n* = 3; \**p* \< 0.05 and \*\*\**p* \< 0.001).](jp-2016-013816_0009){#fig7}

From a different perspective, it is highly important to endow vascular implants with tools to accelerate the restoration of the natural endothelial lining.^[@ref35]^ In the case of spontaneously eroding PVA matrices, it can be envisioned that proliferating endothelial cells will ultimately replace the degrading hydrogel matrix---a prised scenario for tissue engineering. Toward this goal, we investigate PVA hydrogels toward bioconjugation of specific growth factors to present these strong proliferation promoters directly to the adhering cells. For bioconjugation, we use polymer terminal groups, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Growth factor protein was modified using 2-iminothiolane to convert a fraction of amine functionalities into thiols and subsequently achieve conjugation to the PVA hydrogel under physiological conditions. Conjugation was carried out at 4 °C---conditions favoring stability of the hydrogels ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The so assembled hydrogels with incorporated growth factors were used as substrates for proliferation of human umbilical vein endothelial cells (HUVECs). Results of the direct cell count and measured levels of metabolic activity were compared to the culture conditions in the absence of growth factors as well as growth factors added to the media, the latter being the standard cell culture approach ([Figure [9](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). For the 31 kDa sample, data are taken from ref ([@ref17]) and used herein for comparison. These data illustrate that, in the absence of growth factors, proliferation of HUVECs is 2--3-fold lower than in the presence of the protein. For polymer samples with amine terminal groups (that is, not suited for conjugation with growth factors via thiol disulfide exchange), immobilization of growth factors was inefficient. As a result, proliferation of cells was observed at a rate near identical to the case of growth factor-free cell culture. In contrast, growth factors were effective when administered into cell media and when incorporated into the hydrogel matrix through bioconjugation, the latter opportunity lending itself for site specific therapeutic effects and being the goal of this study. For the 6 kDa sample, this approach to delivery of growth factors proved inefficient---most likely due to fast erosion of the matrix and elimination of growth factors from the vicinity of cells. In turn, for the 17 kDa sample, hydrogel-based presentation of growth factors is highly efficient and proliferation of HUVECs is nearly doubled as compared to the administration of growth factors to cell media. Quantitative data are supported by the microscopy observations ([Figure [10](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}), illustrating that the 6 kDa sample supports adhesion and proliferation of a low number of cells and the cytoskeleton of cells is ill-organized. In turn, 17 and 31 kDa samples support adhesion and proliferation of HUVECs with a well-organized cytoskeleton.

![PVA physical hydrogels stabilized using PEG~400~, surface coated with PDA, and used as substrates for culturing of HUVECs for 72 h. The cell viability and average cell count per sample are normalized against cells cultured in growth factor supplemented media on nonfunctionalized PVA hydrogels (*n* = 3; \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001).](jp-2016-013816_0010){#fig8}

![Visualization of HUVECs cultured for 48 h on PDA coated growth factor immobilized hydrogels with different molecular weights. Scale bars: top row, 100 μm; bottom row, 50 μm. Blue, DAPI; red, phalliodin; green, PVA-FITC.](jp-2016-013816_0011){#fig9}

A factor drastically limiting the utility of growth factors in biomedicine is their fragility. Cold chain of transportation and storage also tremendously increases the costs associated with handling of these potent therapeutics. Poly-ols are widely used as protein stabilizing agents^[@ref36],[@ref37]^ acting through a "water replacement mechanism" whereby the polyol makes hydrogen bonds with the solute in place of bonds originally made by water. PVA too is known for its cryo-preservative properties^[@ref38]^ although due to prevention of water crystallization (formation of ice). We aimed to investigate if PVA---which is a poly-ol---will stabilize growth factors during storage. To this end, 31 kDa PVA was used to assemble hydrogels and conjugate the growth factors, as described above. Following the conjugation, all liquid was removed and the samples were washed in nonbuffered pure water, dried, and stored in sealed containers for 1 month at room temperature (22 °C) or 4 °C. Following this, hydrogels were characterized per their instructive effect on the proliferating HUVECs, [Figure [11](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}. The most important observation is that the growth factor containing hydrogels supported adhesion and proliferation of cells significantly better than the pristine PVA hydrogels (without growth factors). This implies that a significant fraction of the protein molecules remained functional upon storage within PVA hydrogels over a month. The samples stored at room temperature supported cell growth to a lower degree, revealing that proteins possibly underwent a greater degree of deactivation. However, in this case too, protein-containing gels provided cell growth cues to the adhering cells. Further optimization of this system is underway to design hydrogels with an enhanced capacity to sustain structural activity of the immobilized growth factors.

![PVA physical hydrogels stabilized using PEG~400~, surface coated with PDA, and used as substrates for culturing of HUVECs for 72 h. (A) Fluorescent images of DAPI stained cells and (B) average cell count per sample were normalized against cells cultured in growth factor supplemented media.](jp-2016-013816_0012){#fig10}

Conclusions {#sec10}
===========

In this work, we investigated opportunities in engineering hydrogel biomaterials based on PVA whereby the gels are stabilized through physical interactions between polymer chains. Hydrogels were characterized in terms of their spontaneous dissolution under physiological conditions and their capacity toward controlled incorporation of liposomes and growth factors. Hydrogels were investigated with regard to effects exerted onto adhering macrophages (inflammatory responses), myoblasts (antiproliferative activity), and endothelial cells (promotion of proliferation). Taken together, this work represents a systematic fundamental study illustrating effects of PVA molar mass on the properties of physical hydrogels made thereof. In light of prior biomedical success of PVA hydrogels and regulatory approval for several modes of utility in humans, our data are poised to open novel opportunities for applications of these hydrogels in biomedicine, specifically as therapeutically active, resorbable implantable biomaterials.

The authors declare no competing financial interest.

We wish to acknowledge financial support from the European Research Council Consolidator grant (ANZ, ERC-2013-CoG 617336 BTVI).
